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ABSTRACT 

Aims. We study the resolved stellar populations of dwarf galaxies in the nearby Centaurus A/M83 group of galaxies. Our goal is to 
characterize their evolutionary history and to investigate eventual similarities or differences with the dwarf population in other group 
environments. 

Methods. This work presents the analysis of five late-type (irregular) dwarfs found in the vicinity of the giant spiral M83. Using 
archival HST/ACS data, we perfom synthetic color-magnitude diagram modeling to derive the star formation histories of these late- 
type dwarfs. 

Results. The target objects show heterogeneous star formation histories, with average star formation rates of 0.08 to 0.70 x IO^^Mq 
yr"'. Some of them present prolonged, global bursts of star formation (~ 300 - 500 Myr). The studied galaxies are all metal-poor 

([Fe/H] 1.4). We further investigate the spatial extent of different stellar populations, finding that the young stars show a clumpy 

distribution, as opposed to the smooth, broad extent of the old ones. The actively star forming regions have sizes of ~ 100 pc and 
lifetimes of > 100 Myr, thus suggesting a stochastic star formation mode for the target dwarf irregular galaxies. The galaxies formed 
~ 20% to 70% of their stars more than ~ 7 Gyr ago. 

Conclusions. The studied dwarfs have average star formation rates slightly higher than their analogues in the Local Group, but 
comparable to those in the M81 group. Our preliminary sample indicates that the neutral gas content of the target dwarfs does seem 
to be affected by the group environment: galaxies within a denser region have a much lower Mhi/ < S FR > than the isolated ones, 
meaning that they will exhaust their gas reservoir more quickly. 
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1. Introduction 
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Since the first detailed studies of the smaller counterparts of the 
well-studied giant galaxies, dwarf galaxies have revealed an un- 
expected amount of intriguing properties. They are by far the 
most numerous galaxy population in our Universe, with many 
new faint galaxies being recently disc overed in our Local Group 
(see, e.g., Belokurov et al. 2006; Zuckeretal. 2006a b, l2007t 
iBelokurov et al.l 12010). Dwarf galaxies are possibly the bary- 
onic counterpart of dark matter building blocks, predicted by 
ACDM cosmology. From spectroscopic studies of dwaif satel- 
lites around our Milky Way, we also know that they appear to 
be strongly dark matter dominated (e.g., Gilmore et al. 2007j). 
None of the Local Group dwarfs studied in detail so far lacks an 
ancient population, although the frac tion of ancient stars varies 
strongly from gal axy to galaxy (e.g., iGrebel & GallagheJl2004t 
lOrban et al.ll2008h . 

Many efforts have been made to analyze the physical prop- 
erties of the dwarf companions of the Milky Way and of M31, 
which are ideal targets due to their proximity. We know for ex- 
ample that differe nt morphol ogical types exhibit very different 
characteiistics (see lGrebeJ2001l for a review). Early-type dwarfs 



consist of predominantly old stellar populations (> 10 Gyr), 
and are normally depleted in HI gas. However, there are also 
examples (Carina, Fornax, Leol, LeoII) where intermediate-age 
populations provide a good fraction of the stellar mass. On the 
other side, late-type dwarfs (irregulars) always show the pres- 
ence of young stars (< 1 Gyr) on top of the older populations, 
and they are normally gas-rich and more luminous. Additionally, 
dwaif iiTegulars are usually found at greater distances from 
the giant dominant galaxy, whereas early-type dwarfs are lo- 
cated mostly within the inner ~ 300 kpc of the grou p cen- 
ter (e.g ., Einasto et al. 1974; Dressier 1980; Karachentse v et all 
I2002bh . All dwarf galaxies tend to be metal-poor, with aver- 
age [Fe/H] values of < -1.0 dex. In particular, both types fol- 
low a metallicity-luminosity relation, such that more luminous 
objects have also a higher mean metal content, but late-type 
dwarfs appe ar to be more metal-poor at a fixed luminosity (e.g., 
iGrebel etaLll2()03l) . Finally, the so called transition-type dwarfs 
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show stellar population characteristics similar to those of early- 
type dwarfs, but also contain some neutral gas, just as late-type 
dwaifs, with the difference that they do not currently form stars. 

One of the perhaps most astonishing properties of such small 
objects is that there are no two dwarfs that are alike, as they ex- 
hibit a wi de range of diverse evolutionary histories (Grebef 1997|; 
iTolstoy et al. 2009). Deep color-magnitude diagrams (CMDs) 
permit us to derive the detailed star formation histories (SFHs) 
for dwarf galaxies in the Local Group. In particular, the tech- 
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nique of synthetic CMD modeling was pioneered some twenty 
years ago, and since then it has been further developed and 
improved by many different groups (e.g., T osi et al. 1991; 
lAparicio etal]ll996t iDolnhinl ifooa ICole et al.ll2007h . We are 
thus able to put strong constraints on the star formation epochs 
and efficiency for dwarf galaxies, provided that the photome- 
try reaches the main sequence tumoff of the old populations. 
These kinds of analyses were preferentially performed on early- 
type dwarfs, since they require long exposure times and thus are 
easier to apply for closer objects. As for late-type dwarfs, gen- 
erally found in the outskirts of the Local Group, their CMD- 
modeling census has not yet been completed. For example, de- 
tailed SFHs have akeady been de termined fr om deep CMDs 
for the Magellanic Clouds (e . g., Smecker-H ane et al. 12002 



Harris & Zaritsky' '20 04t 120091: iNoel et al.l |2009; Sabbi et al 
2009), IC1613 (Skillm an et a'ni2003h . Leo Afcole et al. 2007), 
ICIO (C old 120101) . From these and other works we learn that 
late-type dwarfs tend to form stars slo wly over long periods, 
separated by short quiescent phases (e.g., ICignoni & Tosill20To[ 
and references therein). Spatial studies of the star formation 
in these small galaxies, both within and beyond the Local 
Group, have also been performed (e. g., Pavne-Gaooshkin 1972; 
Isserstedtlll984t iDohm-Pakner et al.iri997; .van Dvk et al.,,1998,: 



Dohm-Palmer et al.1 120021; IWeisz et al.ll2008l; iGlatt et'aLfl2010h . 
leading to the conclusion that their star formation appears to be 
stochastic. This picture gains further support from abundance 
studi es, which indicate that these dwarfs are not well-mixe d 
(e.g., iKniazev et alJ200aiGlatt et alJ2008al:lKoch et alJ2008bh . 

Beyond the Local Group, the integrated properties of 
dwarf galaxies in nearby groups have also been studied ex 
tensively (e.g.. [lY entham & Tull^ 20021; 
Kara chentsev et al. 2004; Karachentsev 
2005; Sharinaetal. 2008; Bouchard etal 



Makarovaet"ani2002t 



2005"; 'Makarova et al 

, 2009; Kolevaetal 

20091) . However, their stellar populations can be studied in de- 



tail only with advanced space instrumentation (Hubble Space 
Telescope), and even in those cases, only the bright est stars 
are resolvable out to a distance of ~ 17 Mpc (e.g. ICaldwelll 
[2006; Durrelletal. 2007; WilU ams et al] |2007|) . The first at- 
tempts of deriving SFHs via synthetic modeling beyond the 
Local Group were already made more than a decade ag o (e.g., 
%sietal. 1989, 1991; Dohm-Palmer et al. 1997; Alo isi et alj 
1999; Schulte-Ladbec k et al.1 il999t lAloisi & LeithereJ l200U 
Makarova et ak, 200Z) . and recently there has been an in- 
creasing effort in this k i nd of studies (e. g., IWe 



et all 



l2008t iMcOuinn et £0120091 iTolstov et alJl2009l and references 
therein), but we are still very far from having a complete cen- 
sus. Even though we can only obtain photometric depths that are 
comparable to the ones we used to reach for objects in the Local 
Group about one decade ago, the results can still shed light on 
how dwarf galaxies evolve in different neighbourhoods. Are the 
SFHs influenced by the surrounding environment? Until now, 
there is no evidence for large differences among dwarf irregu- 
lars within diverse galaxy groups (see, for example, the compar- 
ison b etween the Local Group and the M8 1 group in lWeisz et al.l 
12008), which could lead us to the conclusion that internal pro- 
cesses are the ones governing the star formation in these objects. 
On the other hand, the dwarf galaxy types do seem to depend 
on environment. For example, very loose groups such as the 
Sculptor group an d Canes Venatici Cloud ho st primarily late- 
type dwarfs (see iKarachentsev et all l200 3b''a). whereas more 
evolved, higher density groups like the Local Group, the M8 1 
and CenA groups have a s izeable fraction of early-type dwarfs 
(IKarachentsev et alJl2002allbl) . 



The Centaurus A/M83 group has a mean distance from 
us of ~ 4 Mpc, and thus its members are still resolvable 
into stars. The complex is formed by two smaller subgroups, 
whose dominant galaxies are Centaurus A (CenA) and 
M83, even though it is not clear whether they are receding 
from or approching each other (e.g., IKarachentsev et all 
120071) . The group contains about 50 dwarf galaxies, and 
with respect to the Local Group it is a dens er and possibly 
more evolved environment (see discussion in ICrnoievic et al.l 
l2010l). The dwar f population has already been studied in the 



past dCoteetal 



1997; Karachentseva & Karachentsev 1199 
Banks etal. 1999; Cote et al. 2000; Jerjen et al. 20003"^ 
Karachen tsev et al. 2002b.; Lee et al. 2003; Karachentse v et al 
2004r iKarachentse v[i2005[ [Reikuba et al. 2006; Boucha rd et al 
12007? T&ossi et al .''20071, 'Karachentsev et al. 2007; Lee et al 
2007; Makarova & Makarov 2008; Sharinaetal. 200i 
iBouchard et al.l I2009t IMakarova et al.1 12009t ICote et al.1 \200% : 
most of these works consider the physical properties of large 
samples of objects at different wavelengths. The main conclu- 
sions from these datasets are that the scaling relations (e.g., 
morphology-density, metallicity-luminosity) are comparable to 
those observed in the Local Group and in other nearby groups. 
The Centaurus A group environment is s upposed to be efficien t 
in the gas stripping of its dwarf members (iBouchard et al.l2007l) . 
but some of its late-type dwarfs contain an unexpectedly large 
fraction of neutral gas (Grossi et al. 2007). The present-day star 
formation efficiencies of its dwar f irregulars in general are lower 
in denser regions of the group ( Bouchard et al.ll2009l) . Despite 
the fact that the giant members of the group all show elevated 
star formation rates (SFRs) and hints for recent interaction 
events, the Ha fluxes of the late-type dwarf population do not 
reveal any sign of enhanced activity with respect to other groups 
(ICdte et alJl2009h . 

In the present work, we want to look more in detail at the 
SFRs over the late-type dwarf galaxies' lifetimes, taking advan- 
tage of the resolved stellar populations observed with the Hubble 
Space Telescope. For the predominantly old early-type dwarfs of 
the Centaurus A group, the information available from the CMD 
is rather limited, but we were able to photometrically estimate 
their metallici ties. We fi nd population gradients in some of these 
objects ( Crnoievic et al.i,2010 ). and estimate their intermediate- 
age population fractions (Crnojevic et al. 201 1, submitted). The 
late-type dwarfs contain also young stellar components, and it 
is thus possible to perform synthetic CMD modeling to derive 
their recent SFHs. We do so for 5 dwarfs that are found within 
and around the M83 subgroup. In addition, we look for poten- 
tial environmental influences on the derived properties. A fur- 
ther sample of 5 objects located in the CenA surroundings will 
be presented in a companion paper (Cmojevic, Grebel & Cole 
201 lb, in prep.). 

The present paper is organized as follows: we describe the 
data in ^ and present the derived results in ^(color-magnitude 
diagrams), ^ (SFHs), and ^ (population gradients). The dis- 
cussion is then carried out in ^ and our conclusion are drawn 
in El 

2. Data and photometry 

The five target galaxies of this study have been observed by 
the Wide Field Channel (WFC) of the Advanced Camera for 
Surveys (ACS) aboard the Hubble Space Telescope (HST), dur- 
ing the observing programmes GO-9771 and GO- 10235. For 
each galaxy there is a 1200 seconds exposure time in the F6Q6W 
filter (corresponding to the broad V-band in the Johnson-Cousins 
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Table 1. Fundamental properties of the studied sample of galaxies. 



Galaxy 


RA 


DEC 


D 


(m - M)o 


Om83 


e 


A, 


Mb 


Mm 







(J2000) 


(J2000) 


(Mpc) 




(kpc) 


n 






(lO'^Mo) 




ES0381-18 


1244 42.7 


-35 58 00 


5.32 ±0.51 


28.63 ±0.14 


1156± 125 


12.54 


0.12 


-12.91 


27/29°-'' 


-0.6 


ESO381-20 


1246 00.4 


-33 5017 


5.44 ± 0.37 


28.68 ±0.14 


1100± 144 


11.53 


0.13 


-14.44 


157/251"-* 


-0.3 


ESO443-09, KK170 


12 54 53.6 


-28 20 27 


5.97 ± 0.46 


28.88 ±0.17 


1212 ±415 


9.32 


0.13 


-11.82 


14* 


-0.9 


IC4247, ES0444-34 


13 2644.4 


-302145 


4.97 ± 0.49 


28.48 ± 0.21 


277 ± 437 


2.28 


0.12 


-14.07 


34/37°-* 


1.5 


ES0444-78, UGCA365 


13 36 30.8 


-291411 


5.25 ± 0.43 


28.60 ±0.17 


107 ± 499 


0.64 


0.10 


-13.11 


18/21''-'- 


2.1 



Notes. The columns are the following: (1): name of the galaxy; (2-3): equatorial coordinates from'Karachentsev et al. (2007) (J2000; units of right 
ascension are hours, mi nutes and seconds, and uni ts of declination are degrees, arcminutes and arcseconds); (4-5): distance and distance modulus 
of the galaxy derived bv lKarachentsev et al.l ( |2007|) w ith the tip of the red giant branch method; (6-7): deprojected and angular d istance from M83; 
(8): Galactic foreground extinction in the /-band from lSchlegel et an ( il99 8); (9): absolute B magnitude (co nverted from Bo uchard et al.l2009i with 
the distance modul us listed in column ( 6)); (10): HI mass obtain ed from different sources (*° MBanks et al. 1999, recomputed with updated values 
of the distance; iGeorgiev et al.|[2008l ; '"^^ iBouchard et al.ll2009l) ; and (11): tidal index (i.e., degree of isolation), taken from lKarachentsev et al.l 
(120071) . 



system) and a 900 seconds exposure time in the F814W filter 
(corresponding to the broad /-band). 

We pe rform resolved stellar photometry with the DOLPHOT 
package ('Dolphin' '2002*), using the ACS module and adopt- 
ing the parameters suggested in the User's GuideQ. The out- 
put photometry is given both in the instrumental and in the 
Johnson-Cousins sy stem (conveited by the program following 
ISirianni et al.ll2005l) . In order to reject non-stellar detections and 
to have a clean final sample of stars for our CMDs, we apply 
quality cuts. We require the signal-to-noise to be > 5, ^ 2.5, 
the sharpness to be between -0.3 and 0.3 to avoid too sharp (cos- 
mic rays or detector defects) or too extended objects (like back- 
ground galaxies), and finally the crowding parameters (which 
quantify how much brighter the star would be if isolated when 
measured) to be < 0.5 in both filters. However, for some of 
the galaxies (ES0381-18 and IC4247) the standard parameters 
for the photometry do not give satisfying results. More specif- 
ically, the stars found in central, crowded regions are rejected 
by our adopted quality cuts. For these galaxies, we change the 
DOLPHOT photometry parameter Force 1 from the value sug- 
gested in the User's Guide. This would normally force the code 
to retain only "good" objects, meaning not too faint for the 
point spread function determination, not too sharp or too elon- 
gated. By changing this parameter, also sharp/extended objects 
are classified as "good" objects in the output of the photome- 
try, so that the final photometry will now retain valid objects in 
the crowded regions, but will also add spurious objects. To avoid 
the latter, we apply stricter quality cuts (using -0.2 < sharpness 
< 0.2), and remove spurious objects by hand when this is not 
enough (e.g., in the cases where pointlike objects are detected 
in the tails of saturated foreground stars). In this way, we do 
not lose precious information about the bluest part of the CMD, 
with the only disadvantage of having a less clean diagram (i.e., 
the main sequence/blue helium burning sequence and the red gi- 
ant branch features show a larger scatter at magnitudes / > 24.5, 
and more spurious objects are found at colors V - I >2). 

The DOLPHOT output includes photometric errors for each 
star, however, these errors do not account for systematic errors 
of the point spread function. Thus, extensive artificial star tests 
are performed for each of the studied objects, using the same 
photometry and quality cut parameters of the original image, in 
order to estimate the photometric uncertainties and to constrain 
the parameters derived from our SFH recovery (see Sect. 2). We 
add ~ 5 - 10 times the number of real stars (after quality cuts). 



' http ://purcell . as . arizona.edu/dolphot/. 



and we distribute them evenly across the field of view and such 
that they cover the whole color and magnitude range of the ob- 
served stars. Moreover, the artificial stars are simulated also at 
magnitudes below our detection limit, in order to take into ac- 
count objects that are actually fainter than what we observe, but 
that are detected because of an addition of noise. The photom- 
etry of the artificial stars is peiformed by the program for one 
star at a time, so that we are not artificially introducing over- 
crowding. At a 50% completeness level, the limiting magnitude 
for the least crowded galaxy (ESO443-09, with a peak density of 
~ 2 stars per arcsec^, corresponding to ~ 167 stars per 0.1 kpc^) 
is ~ 27.5 mag (~ 26.8 mag) for the V-band (/-band). At the 
mentioned /-band magnitude, the representative 1 cr photometiic 
error (as derived from artificial star tests) amounts to ~ 0.18 mag 
in magnitude and ~ 0.23 mag in color For the most crowded one 
of our targets (IC4247, peak density of ~ 10 stars per arcsec^, 
or ~ 1041 stars per 0.1 kpc^), the 50% completeness level is 
reached at ~ 26.9 mag (~ 26.2 mag) for the V-band (/-band), 
while the coiTesponding 1 cr photometiic errors for this /-band 
magnitude are ~ 0.21 mag in magnitude and ~ 0.28 mag in 
color We show the mean photometric errors for each galaxy in 
the CMDs of the next Sections. 

We list the general properties of the target galaxies in Table 
[U We additionally note that the morphological de Vaucouleurs 
type is the same for all the galaxies and has a value of 10. 
Moreover, we use the tidal index parameter throu ghout this 
work, as defined bv lKarachentsev & Makaro"vl(ll999l) : 

©,■ = max{log(Mt/Dfj)} + C, /t = 1, 2, ...N, 

for the galaxy /, where Mk and refer to the mass and depro- 
jected distance of any of its neighboiing galaxies, respectively. 
This parameter thus quantifies the maximum density enhance- 
ment produced by the companions of the object in study. The 
value of C is set for each galaxy such that © = when the 
Kepleiian orbit of the galaxy with respect to its main disturber 
has a period equal to a cosmic Hubble time. 

2.1. Galactic foreground contamination 

Before discussing the features of our CMDs, we briefly dis- 
cuss the Galactic foreground contamination issue. To estimate it, 
we use the TRILEGAL models (Girardi et al. 2005). Their web 
foriiB allows one to perform simulations of the Galactic popu- 
lation star counts in different directions and consideiing several 

" http://stev.oapd.inaf.it/cgi-bin/trilegal. 



3 



D. Cmojevic et al.: A close look at 



the Centaums A group of galaxies III. 



Late-type dwarfs around M83 




Fig. 1. Color-magnitude diagrams of the five late- type dwarf galaxies studied here, ordered by (increasing) absolute magnitude. The main features 
visible in all of the diagrams are the blue plume (main sequence and blue helium-burning stars), the upper red giant branch, the luminous asymptotic 
giant branch (in all but for ESO443-09) and for IC4247 and ESO381-20 also a prominent red supergiant region (see text for details). On the left 
side of each diagram, representative Icr photometric eiTorbars (as derived from artificial star tests) are shown. 



free parameters (e.g., initial mass function, or IMF, extinction, 
thin and thick disk shape). For our simulations, we include ex- 
ponential thin and thick disks plus oblate halo and bulge compo- 
nents. We point out that each of the performed simulations is a 
random realization of the theoretical model and not a unique rep- 
resentation of the Galactic foreground. At the sky position of the 
target objects, and within the ACS field of view (~ 3 x 3 arcmin), 
there are between 170 and 260 foreground dwarf stars (depend- 
ing on the galaxy considered and using a Salpeter IMF). One 
has to carefully compare these numbers to what is seen in the 
CMD of each galaxy. In Fig.[T]we show the CMDs for our target 
galaxies, and in Fig. |2] we additionally report their Hess den- 
sity diagrams to which we oveiplot the simulated Galactic fore- 
ground stars from TRILEGAL as red crosses. For each magni- 
tude bin, we have randomly extracted a subsample of stars from 
the original simulation in order to account for the incomplete- 
ness of the observations; moreover, we have randomly computed 
for each of the simulated stars a photometric error (depending 
on its magnitude) and have accordingly shifted its original posi- 
tion in the color-magnitude space by this amount. The position 
of the plotted foreground stars should thus not be taken as an 
absolute value, but as a possible realization of the expected fore- 
ground contamination. Overall, the contaminant fraction is less 
than 10% for all of the galaxies and is only affecting the red part 



of the CMDs. However, when looking at the strips with magni- 
tudes 23 < / < 25 and colors in the range l<y-/<1.3 (red 
supergiant region, see description below), the contaminant frac- 
tion of foreground stars in this region is much higher, with values 
of ~ 22%, ~ 20% and ~ 25% for ESO443-09, ES0381-18 and 
ES0444-78, respectively. Also the asymptotic giant branch re- 
gion appears to be contaminated, but due to the higher number 
of stars in this stage with respect to the red supergiant phase, that 
does not affect seriously our subsequent analysis. For IC4247 
and ESO381-20, the CMD is overall well populated, and the 
fraction of Galactic foreground objects in the red supergiant re- 
gion rather small (5% and 2% respectively). 

We thus decide to perform a statistical foreground subtrac- 
tion over the whole CMD for the three galaxies where the con- 
taminant fractions are not negligible. The decontamination pro- 
cess for the other two galaxies would leave all of our results un- 
changed because the contaminants fractions are very low, so we 
decide not to perform it in these cases. We adopt the following 
method: we first randomly extract a subsample of objects from 
the list of foreground stars simulated by the TRILEGAL models, 
in order to account for the incompleteness of our observations 
(which differs for different color and magnitude ranges). Then, 
we consider the observed galaxy stars that are found in a circle 
around each simulated foreground object, with a radius equal to 
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Fig. 2. Hess density diagrams of the five late-type dwarf galaxies studied here, ordered by (increasing) absolute magnitude. We additionally 
overplot to each CMD the Galactic foreground stellar contamination (red crosses), as simulated with the TRILEGAL models. The simulations 
include incompleteness effects and photometric errors in their color-magnitude distribution. We point out that the drawn distribution is only one 
random realization of the Galactic foreground model. On the left side of each diagram, representative Icr photometric errorbars (as derived from 
artificial star tests) are shown. 



two times the error in color at that position in the CMD. If more 
than one observed star is found within that circle, we simply sub- 
tract one of them randomly. We then use these decontaminated 
CMDs as an input for the SFH recovery process. 

We also try an alternative approach to account for the fore- 
ground decontamination of the most affected galaxy in our sam- 
ple, namely ES0444-78. Instead of subtracting the foreground 
stars in advance, we model the contaminant component during 
the SFH recovery process (see Sect. 2). To do this, we first sim- 
ulate a total of 10 random realizations of the foreground model 
for the considered galaxy, and treat them as a probability distri- 
bution in the color-magnitude space. During the SFH computa- 
tion, we then let the code look for the best fit to the observed 
CMD for a model that contains dwarf galaxy stars plus Galactic 
foreground stars. In this way, we are statistically treating the 
foreground, as opposed to choosing one random realization of 
it. This test shows that the SFHs recovered with both methods 
are comparable to each other within the errors. The main result- 
ing parameters (e.g., average SFR and metallicity) are consistent 
within the errorbars, and the only noticeable difference is ob- 
served for the SFR in the past ~ 40 to 100 Myr This is approx- 
imately the age range covered by red supergiant stars, which as 
stated above are found in the CMD region that has the highest 



contaminants fraction. In the case of ES0444-78, which has a 
very low SFR from 40 to 100 Myr ago as measured by main se- 
quence stars, many of the bright red stars are better matched by 
scaling the foreground than by increased star formation in the 
galaxy itself. The net result is that when the foreground is ex- 
plicitly modeled with the SFH recovery code, the derived SFR 
is a factor of ~ 2 lower in this age range than what was found 
when the foreground was statistically subtracted based on a sin- 
gle TRILEGAL model simulation. This is a worst-case scenario 
because ES0444-78 has the smallest number of bright main se- 
quence stars in our sample, giving the red supergiant/foreground 
region disproportionate influence over the derived SFH. For ages 
> 100 Myr, systematic effects due to the treatment of foreground 
modeling are negligible. Since for ES0444-78 we find a change 
of a factor of 2 in the SFR from ~ 40 to 100 Myr ago, we con- 
clude that in this age range the errorbars resulting from the SFH 
recovery could be underestimated by at most this amount. 

3. Color magnitude diagrams 

The CMDs for our five target galaxies (ordered by absolute mag- 
nitude) are presented in Fig. [1] and we additionally show their 
Hess density diagrams in Fig. |2] Also shown on the left-hand 
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Fig. 3. Hess density diagram of the dwarf irregular galaxy ES0381- 
20. Overlaid are Padova stellar isochrones, with a fixed metallicity of 
Z=0.0008 and varying ages. Ages of 4, 8, 15, 20, 35, 55 and 85 Myr 
(proceeding from the blue to the red part of the CMD) are drawn in 
magenta, ages of 130, 200, 350, 550, 800 Myr and 1.3 Gyr are in blue, 
and ages of 4, 7, 10 and 14 Gyr are in red (see text for details). Also 
plotted are selection boxes that separate different evolutionary stages, 
as indicated. 

side of each diagram are the mean photometric uncertainties for 
each magnitude bin, as derived from the artificial star tests. For 
instance, the Icr eiTor is ~ 0.1 mag in magnitude and ~ 0.15 
mag in color at different /-band magnitudes for different galax- 
ies (namely at / = 25.50 for ESO443-09, 25.30 for ES0381-18, 
25.45 for ES0444-78, 25.30 for IC4247, and 25.35 for ES0381- 
20). These error limits will be used in Sect. |5]to define different 
stellar subsamples. 

The CMDs of all of the galaxies exhibit the following evolu- 
tionary stages: 

- upper main sequence (MS): a blue plume of main sequence 
candidates (and blue helium-burning stars) is found in the 
color range of -0.5 < V - / < and at magnitudes of / > 22 
(Fig. ID. The youngest and most massive stars detected in our 
CMDs have estimated ages of ~ 10 Myr; 

- helium-burning stars: massive stars with ages from ~ 20 to 
500 Myr are visible in the CMDs in the so called "blue-loop" 
phase, burning helium in their core. These evolved super- 
giants comprise blue (V - / ~ to 0.5) and red {V - I ~ 1 
to 1.3) supergiants. The latter are however not prominent for 
the galaxies in which the star formation was low some ~ 100 
to 500 Myr ago (ESO443-09, ES0381-18 and ES0444-78); 

- asymptotic giant branch (AGB): lower mass stars with ages 
between ~ 0.1 and 8 Gyr are found along the red giant 
branch and above its tip. The latter (luminous AGB stars) 
are well visible at colors of 1.3 < V - I < 2.5, except for 
ESO443-09, which contains very few of these objects; 

- upper red giant branch (RGB): these are evolved stars with 
colors in the range V - I ~ 1 to 1.8, and indicative of 
intermediate-age and old (> 1 -2 Gyr) low-mass stars which 
have not yet commenced core helium-burning. Up to ~ 20% 
of the stars along the apparent upper red giant branch are in 
fact faint AGB stars jn the same age range as the red giant 
branch stars (Iburreil et al.|[200ll) . 

To help the eye recognize the various features, we plot 
again the Hess diagram for the galaxy ESO381-20 in Fig. |3] 



and overlay Padova isochrones. We choose a metallicity of 
Z=0.0008 (which roughly coiTesponds to [Fe/H]~ -1.4, assum- 
ing Zo=0.019), since this is the best-fit average metallicity re- 
sulting from our synthetic CMD modeling (see Sect. |4]i. The 
isochrone ages range from 4 Myr to 14 Gyr (from the blue to the 
red side of the CMD). We draw the "young" ages (4 to 85 Myr, 
encompassing upper MS and most of the blue helium-burning 
stars) in magenta, the "intermediate" ages (130 Myr to 1.3 Gyr, 
clearly showing where most of the red helium-burning stars and 
the luminous AGB stars lie) in blue, and the "old" ages (4 to 14 
Gyr, for which only the upper red giant branches and luminous 
AGB stars are visible at this photometric depth) in red. These 
isochrones were truncated at the tip of the red giant branch omit- 
ting the thermally pulsing AGB stars, to avoid overcrowding in 
the plot. We point out that the previous color-coding of "young", 
"intermediate" and "old" ages is arbitrary, and simply meant to 
illustrate the diverse features of the CMD, which were described 
above. 

In Fig. [3] we also show the selection boxes that separate dif- 
ferent evolutionary stages for ESO381-20, which are used in 
Sect. |5] We select different evolutionary stages in the CMDs 
following the stellar sequences for each individual galaxy and 
referring to the Padova isochrone models. The stellar content of 
each galaxy is divided in: RGB, MS, blue helium-burning stars 
(or blue loop, BL), red helium-burning stars (or red supergiants, 
RSG), and luminous AGB. We stress that the upper RSG region 
is not well reproduced by the models, in the sense that the ob- 
served stars are redder than predicted (e.g. lUbeda et al.l l2007l 
and references therein), and we thus follow the stellar sequence 
on the CMD to define our selection box. We will come back to 
this point in Sect. |4] 

The presence of many different evolutionary stages clearly 
indicates the presence of a prolonged star formation, and each 
one represents a range of stellar ages. Depending on the number 
of stars that are found in each stage and depending on the time 
resolution that the CMD offers, it is possible to quantitatively 
constrain the SFR of a galaxy duiing its past history. In the fol- 
lowing analysis, our purpose is to derive the SFH of the target 
galaxies, making use of a code written by one of the authors (A. 
A. Cole). 



4. Star formation histories 

We used synthetic CMDs based on published theoretical 
isochrones to constrain the SFRs as a function of time over the 
recent history of the galaxies. We used the c ode developed by 
Cole (Skillman et all 120031: ICole et al.ll2007l) to find the most 
probable SFH based on minimizing the difference between sets 
of synthetic CMDs and the data. This approach is widely used 
in the int erpretation of the CM Ds of reso lved stellar popula- 
tions (e.g.. lGallart et al.l2 005; Tol stoy et al. l 2009, and references 
therein). While the method is most powerful when the CMD in- 
cludes the MS turnoff of the oldest stellar populations, robust 
results at lower precision can be derived even from relatively 
shallow data. For example, the inferences of lTolstov et al.l(ll998l) 
about the Local Group dwarf Leo A (DDO 69) were confirmed 
with in creased precision by the much deeper data of ICole et al.l 
(l2007h . The method adopted here is similar in its general ap- 
proach to the methods used in other recent studi es of dwarf 
galax ies in the Local Volume, e.g., the M81 group jWeisz et al.l 
I2008h . 

The SFH-fitting code starts from a set of isochrones inter- 
polated to a fine grid of age and metallicity in order to create 
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Table 2. Star formation parameters derived for our sample of galaxies. 



Galaxy 


< SFR > 


^100 


^500 


bia 


^140 


Aa 


f^a 


,^40 


<[Fe/H]> 




(10-2Moyr-') 
















(dex) 


ESO443-09, KK170 


0.08 ± 0.07 


6.48 


3.02 


0.91 


1.01 


0.11 


0.06 


0.83 


-1.46 ±0.14 


ES0381-18 


0.35 ± 0.26 


1.71 


0.93 


1.91 


0.95 


0.13 


0.11 


0.76 


-1.40 ±0.13 


ES0444-78, UGCA365 


0.63 ± 0.36 


0.66 


0.48 


0.40 


1.07 


0.03 


0.11 


0.86 


-1.37 ±0.21 


IC4247, ES0444-34 


0.61 ± 0.45 


1.04 


1.06 


0.70 


1.07 


0.05 


0.32 


0.63 


-1.37 ±0.21 


ESO381-20 


0.70 ± 0.48 


4.36 


3.41 


1.76 


0.92 


0.15 


0.06 


0.79 


-1.45 ±0.17 



Notes. The columns are the following: column (1): name of the galaxy; (2): average SFR over the whole lifetime; (3): fcioo; (4): &500; (5): b\G\ (6): 
^14g; (7): /ig; (8): f^cA (9): /mg; and (10): average metallicity over the whole lifetime. The b parameter is the ratio of star formation rate over the 
indicated time period (0.1, 0.5, 1 and from 1 to 14 Gyr respectively) to the average star formation over the whole lifetime; the / parameter is the 
fraction of stars bom in a certain time interval (0-1,1-4 and 4-14 Gyr). In a hypothetical galaxy with constant star formation rate, /ic = 0.07, 
/4G = 0.36 and /uo = 0.57. 



synthetic CMDs with no artificial gaps between points. The syn- 
thetic CMDs are then binned in age and metallicity to increase 
computational tractability and conform to the information con- 
tent of the data; this typically results in age/metallicity bins that 
are nearly evenly spaced in log(age) and log(Z). The CMDs are 
divided into a regular color-magnitude grid, and the expectation 
value of the number of stars expected in each grid cell for a SFR 
of 1 M0 yr"' is computed from the isochrones. There are sev- 
eral input parameters that must be fixed or fit in order to find 
physically meaningful solutions with good efficiency. Among 
the most important of these are the distance modulus (m - M)o, 
reddening E{B - V), and reddening law (expressed as a single- 
parameter R ) relation, iCardelli et al.lll989 ). Once an isochrone 
set is chosen, the density of stars along the isochrones is altered 
by the IMF, the frequency of binary stars, and the mass function 
of binary companions. 

The isochrone is then convolved with the color and magni- 
tude errors and incompleteness of the dataset in order to allow 
a direct comparison between the models and data. During the 
fitting process, linear combinations of the individual synthetic 
CMDs are added to find the composite CMD that best matches 
the observed data. Because many cells of the CMD giid con- 
tain relatively few st ars, a maximum likelihood t est based on the 
Poisson distribution (ICashlll979t rDolnhinll2002h is used instead 
of a. statistic. Because there may be 50-100 individual syn- 
thetic CMDs considered, a direct search of parameter space is 
not feasible; however, the problem is well-suited to a simulated 
annealing approach in which an initial guess at the SFH is ran- 
domly perturbed and the increase or decrease in log-likelihood 
is calculated for each perturbation. Perturbations that increase 
the likelihood are retained while those that worsen the fit are 
usually rejected. The simulated annealing formalism prevents 
the code from being stuck in local minima, of which there are 
many. Prior to the perturbation of each trial solution, the SFRs 
are transformed using an arcsin function in order to ensure that 
only non-negative SFRs are sampled. 

We adopted specific choices motivated by the best avail- 
able information, choosing not to attempt to solve for pa- 
rameters that were otherwise constrained (e.g., distance mod- 
ulus), or about which our dataset contains little information 
e.g., binary fraction, IMF). We used the Padova isochrones 
Mango et al. 2008) with circumstellar dust around cool stars 
from Groenewegen (2006i) . combined with the IMF of lChabrierl 
(120031 " This IMF is identical to the Salpeter power law above 
1 Mq but is log-normal for low-mass stars. Based on the statis- 
tics inlPuquennov & Mayor ( 1991) and Mazeh et al. ( 1992), one 
third of the stars are single and the rest have a companion star 
drawn from the same IMF as the primary. Distances based on the 



TRGB method are taken from 'Karachentsev et al.' ('2007'), and 
reddenings from the extinction maps of Schlegel et al. (1998]). 
We did not a priori assume any internal reddening within the 
target galaxies. However, our fit procedure accomodates the pos- 
sibility by allowing the reddening value to vary slightly. To un- 
derstand the possible effects that internal reddening might have 
on our results, we perform some tests on the galaxy IC4247 (see 
Sect. 14.4b . The fitting c ode does not ta ke differential reddening 
into account, but Cignoni & Tosil ( 1201 0>) . in their review of SFH 
modelling techniques, show that the effects of differential red- 
dening on SFH reconstruction are typically minor and of less 
importance than proper constraints on the foreground and aver- 
age reddening. Because we are dealing with metal-poor dwaif 
galaxies, the amount of dust is expected to be generally low. 

No age-metallicity relation is assumed, but where pos- 
sible we use literature values to constrain the present-day 
metallicity estimated from nebular oxygen abundances (avail- 
able for IC4247 and ESO381-20, see below for details). In 
these cases, the highest metallicity considered was taken to 
be the upper bound on metallicity from the nebular abun- 
dances. The full range of metallicities considered was Z = 
0.0001, 0.00024, 0.0004,0.0006, and 0.001. Higher metallicities 
can in general be ruled out because of the mismatch in color of 
the evolved stars (RGB). Moreover, allowing a larger range in 
metallicities would increase the computational time and would 
result in higher uncertainties in the metallicity values. As a test, 
we choose isochrones with metallicities as high as Z = 0.005 
for one of the target galaxies (ESO381-20), to check whether 
this would change the results of our SFH recovery. The average 
SFR obtained in this case is just slightly lower (the difference is 
~ 10% in M0 yr"') than the original value, while the metallic- 
ity is higher by ~ 0.2 dex, both being still consistent with the 
original values within the errorbars. The only notable difference 
lies in the shape of the recent SFH (< 500 Myr): there is a shift 
of a few ~ 10^ yr in the age of the youngest episodes of star 
formation, where the age shifts around due to a combination of 
age-metallicity degeneracy and contravariance between adjacent 
age bins. This is however still comparable to the original SFH 
within the eiTorbars, and also the star formation parameters that 
we compute (see below) remain the same. Metallicity ranges at 
a given age are not ruled out by our data, and isochrones of mul- 
tiple metallicities typically contribute to the total star formation 
in each age bin. 

Finally, no information is available regarding the detailed 
abundance patterns, or even approximations such as average 
[ff/Fe] values, so no attempt is made to model this parameter 
Little is known about [a/Fe] values in dwarf irregular galaxies 
and in particular we have no measurements for those beyond 
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Fig. 4. Upper panels. Star formation histories derived for the five studied galaxies (ESO443-09, ESO381-018, ES0444-78, IC4247 and ES0381- 
20, ordered by increasing absolute magnitude). For each galaxy, the star formation rate as a function of time is plotted, with the oldest age being 
on the left side and the most recent age bin on the right edge of the (logarithmic) horizontal axis. Note that the size of the age bins is variable due 
to the different amount of information obtainable from each CMD for each stellar evolutionary stage. ESO381-20 is the only galaxy in this sample 
for which the SFR could be derived for ages younger than 10 Myr. Also note the different vertical axis scales. The black dashed line indicates 
the mean star formation rate over the whole galaxy's lifetime. The red dashed line for ES0381-18 indicates the alternative star formation history 
solution obtained when restricting the metallicity range in the parameter space (see text for details). The red dots for IC4247 and ESO381-20 
report the current star formation rate derived from Wa observations described in the literature, while the blue dots indicate the recent star formation 
rate derived from the FUV (see text for references). Lower panels. Metallicity as a function of time, with the same axes convention as above. The 
black dashed line represents the mean metallicity over the galaxy's lifetime. Note that the metallicity evolution is poorly constrained. 
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the Local Group. We can however assume that galaxies outside 
the Local Group follow similar trends to the Local Group ones. 
The existing studies for the Local Group tend to suggest that 
for younger populations and/or higher metallicities the [a/Fe] 
ratios are around solar values, while for very old populations 
and/or low metallicities the [a/Fe] rat ios tend to be similarly 
high as in the Galactic hal o (see, e.g .. Venn et al. 200ll l2003t 
[jautvaisiene et al. 2007; To lstov et al. 2009). If the [a/Fe] ratios 
at those early ages were higher than they are now, then this would 
affect the RGB stars in our CMDs. For example, at the TRGB 
and at a fixed metallicity of [Fe/H] = -1.5, assuming a value of 
[a/Fe] — 1-0.3 dex would mimic a higher age (~ 2 - 3 Gy r for 
ages > 7 Gyr, see Dartmouth isochrones. Pott er et al 1l2008h . On 
the other hand, since we can only poorly resolve ages older than 
~ 7 Gyr, which are the ones where a departure of [a/Fe] from 
solar values might be present, considering different [or/Fe] val- 
ues would not alter our current result. Since the uncertainties in 
our derived SFHs are the largest for ages older than a few Gyr, 
the only effect of adding [c/Fe] as a free parameter in the maxi- 
mum likelihood process would be to make the errobars larger for 
those time bins. Moreover, the Padova isochrones that we adopt 
throughout our study do not model variations of [a/Fe] values. 

When the code indicates that the global maximum likelihood 
fit has been reached, errorbars on the SFRs are computed by per- 
turbing the SFR of each age bin in turn, holding the rate fixed at 
the perturbed value and finding the new best-fit solution. When 
the new best fit is no longer within 1 cr of the likelihood of the 
global best fit, the change in the SFR of the bin under considera- 
tion is taken to be the errorbaron the SFR. The value is then reset 
to the best-fit value and allowed to vary again, and the process 
is repeated for the next bin until all values have both an upper 
and a lower errorbar computed. Typically the SFRs of adjacent 
bins are highly anticorrelated, because the total number of stars 
is fixed, so that a reduction in SFR at one age forces the syn- 
thetic galaxy to make up the difference at older and/or younger 
ages. These changes then propagate into the metallicity distribu- 
tion because an increase in the metallicity of an isochrone can 
partially mask a decrease in age. 

The code output is a table of SFRs and mean metallicities 
as a function of age in the user-defined age bins. From these, 
the synthetic CMDs can be reconstructed and compared to the 
data for a visual impression of the fit quality. The absolute value 
of the maximum likelihood depends sensitively on the gridding 
scheme for the CMD, the treatment of contaminating data points 
not in the isochrones (e.g.. Galactic foreground stars), and the 
matching of a few stars in bright but sparsely populated (and pos- 
sibly poorly modelled) phases of evolution. However, the most 
likely SFH to match the CMD is driven by the distribution of the 
most populous cells in the gridded CMD and is robust as long as 
the incompleteness is carefully modelled. The best-fit SFHs and 
age-metallicity relations are shown in Fig.|4] 

The first thing to point out is that we plot the SFHs with 
a logarithmic age axis. This is done because the age resolu- 
tion decreases with increasing age. The age bins will be broader 
when there is less information available from the CMD, and finer 
where there is more. For example, in Fig. |3]we see that the oldest 
main sequence turnoff detectable in our data is visible for stars 
no older than ~ 50 Myr (/ ~ 26). For the recent SFH we can then 
rely on the upper MS and the bright helium-burning phases. The 
CMDs do not reach the horizontal branch (which at these dis- 
tances would be expected at an /-band magnitude of ~ 28). Also, 
the red clump is not recognizable in our data. This means that 
for ages older than ~ 1 Gyr it is very difficult to put any firm age 
constraint on star formation episodes from the evolved popula- 
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Fig. 5. Padova stellar isochrones with a range of ages (1, 2, 4, 8 and 
14 Gyr from left to right in each panel), shown for a combination of 
HST/ACS filters. Panel a). The metallicity is set to be constant (Z = 
0.001). Panel b). The metallicity has an initial value of Z = 0.0004 at 
14 Gyr, and increases as age decreases (Z = 0.0006, 0.001, 0.0015, and 
0.0024, respectively). Note the difference in width of the RGB. 



tion alone. We can put constraints on the intermediate-age SFR 
(~ 1 to ~ 9 Gyr) by looking at luminous AGE stars, but we are 
not able to resolve any bursty episode of star formation at these 
ages, and so the time bins become very large as age increases. 
Each bin size is thus considered as a horizontal errorbar. 

As mentioned in the previous Section, theoretical models 
are usually not reproducing perfectly the supergiant helium- 
burning phases due to the difficu lties in robustly model- 
ing these evolutionary stages (e.g., 'Maeder & Meynetj 120011: 
Dohm-Palmer & Skillman 2002; Levesque et al. 2005). The 
models tend to predict colors bluer than observed for RSGs, 
which would result in metallicities biased towards higher val- 
ues, but at the same time the observed color of the blue helium- 
burning stars prevents this effect. In our case this discrepancy 
does not heavily influence the resulting SFHs. The number of 
stars in these phases is small for all target galaxies (so their 
weight in the SFH recovery process is lower) except for IC4247 
and ESO381-20, but the latter already have metallicity con- 
straints from HII regions. 

The vertical errorbars for the star formation shown in the 
upper panels of Fig. |4]come from the maximum likelihood pro- 
cess, and extend to all of the values that produce solutions within 
Icr from the best-fit star formation value as explained above. In 
the lower panels we also report the evolution of metallicity as 
a function of time. Unfortunately, due to the age-metallicity de- 
generacy for ffie old stars of the RGB and due to the limited 
amount of information for younger ages, it is very difficult to 
constrain the metallicity for our target galaxies. We thus under- 
line that the mean metallicity values derived are reliable, while 
the evolution with time and potential metallicity spreads cannot 
be firmly constrained from the available data. However, we can 
at least rule out the presence of a strong metallicity increase with 
time by looking at the width of the RGB. In Fig.|5]we give an ex- 
ample (using Padova isochrones) of the combined effect of age 
and metallicity on the width of the RGB. A constant value of 
metallicity coupled with decreasing age would produce a much 
broader RGB than a case where the metallicity is strongly in- 
crea sing with decr easing age (age-metallicity degeneracy, see 
also IWorthevlll999l) . From our observed CMDs we can thus ex- 
clude such a strong trend for metallicity, but we cannot distin- 
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guish between a scenario with constant metallicity and one with 
a mild evolution with time. We note that such mild metallicity 
evolution with a fairly flat age-metallicity relation has also been 
found for a few Local Group dwar fs using photometry and stel- 
lar spe ctroscopic metallicities (e.g. lKoch et al.ll2"007t iGlatt et al.l 
l2008bl) . Finally, the errorbars in metallicity show the range, in 
each age bin, from the 10''' to the 90''' percentile from the best- 
fit SFH. 

We note however that there is disagreement between 
our derived [Fe/HJ values and previous literature works 
dKarachentsev et alJl2007l ISharina et al.ll2008h . in the sense that 
our values are higher for all of the target dwarfs. In those stud- 
ies, the mean metallicity of the t arget galaxies w as computed 
through the empirical formula by iLee et al.l (1 19931) considering 
the mean V - I color of stars on the upper red giant branch. The 
aforementioned formula is valid only for predominantly old pop- 
ulations, while in our target galaxies there is clear evidence for 
intermediate-age stars. These younger stellar components will 
bias the old RGB in the sense that it will be highly contaminated 
by intermediate-age RGB stars, which have bluer colors than 
old RGB stars at a fixed metallicity and luminosity (see, e.g., 
ICole et al.ll2005l) . When adopting the iLee et al.l d 19931) formula, 
RGB stars younger than ~ 10 Gyr will thus be considered to be 
old, metal-poor RGB stars, and the resulting metallicity may be 
underestimated by up to 0.5-1 dex. In addition, faint AGB stars 
along the RGB locus can bias the derived metallicities to erro- 
neously lower values. 

As an additional test, we compute the total number of stars 
formed during the whole galaxy's lifetime from our SFH, and 
compare it to estimates of the stellar mass coming from the total 
luminosity and an assumption for the stellar mass-to-light ratio. 
The l atter has normally a value of ~ 1 for gas-rich dwarf galaxies 
(e.g.. iBanks et al.l 19991: Read & Trenthaml2005L and references 
therein). ICdteet al.l ( l2000l) ' analyze dwarf irregulars in the CenA 
and Sculptor groups. We have one galaxy, ESO381-20, in com- 
mon with their sample. Looking for the best-fit stellar mass-to- 
light ratio from their HI rotation curves, they derive values larger 
than 1 (~ 2 to ~ 4) for some of the galaxies including ES0381- 
20, so we decided to additionally assume a stellar mass-to-light 
ratio of 2 when computing stellar masses for our sample. We find 
good agreement between the two different estimates, and we list 
the exact values in the individual galaxies' description. 

To better understand the SFH, we also present some param- 
eters to facilitate the comparison of the results among individ- 
ual galaxies and to other literature studies (e.g., IScalolll986t 
IWeisz et aDl2008h . We compute the ratio of the SFR in a cer- 
tain time period to the average SFR during the galaxy's lifetime 
(biQQ over the last 100 Myr, ^7500 over the last 500 Myr, bic over 
the last 1 Gyr, and bi4c for ages older then 1 Gyr ago). We also 
derive the fractions of stars formed from 0-1 Gry (/ic), from 
1-4 Gyr (/4g) and from 4-14 Gyr (/i4g), to assess the ef- 
ficiency of the star formation process in different time periods. 
These parameters would have the following values if a constant 
SFR were adopted: fic = 0.07, /4G = 0.36 and /uc = 0.57. 
The values that we derive for these parameters, together with the 
lifetime average metallicity values, are reported in Tab. |2] 

We now comment separately the results obtained for each 
individual galaxy. 



4.1. ESO443-09, KK170 

The faintest and least dense galaxy in our sample is ES0443- 
09. This object also contains the smallest amount of HI gas 
(Mhi ~ IO^Mq), and it is the most isolated one, having a tidal 



index of -0.9. Its distance from us is 5.97 + 0.46 Mpc, and its de- 
projected distance fromM83 is ~ 1.2 +0.4 Mpc (compute d using 
the ra dial distance and the coordinates from Karachentse v et all 
l2007h . ESO443-09 has not yet been studied in Ha. We detect 
only ~ 1900 stars in its CMD (Fig.|2li. ESO443-09 indeed con- 
tains very few massive MS stars and no evidence of currently 
ongoing star formation as judged from its CMD. There is, how- 
ever, a considerable presence of BL stars, on top of the old com- 
ponent seen in the RGB; the RSG and an intermediate-age pop- 
ulation (luminous AGB) are almost absent. Hence, overall this 
gala xy exhibits the prop erties of a typical transition-type dwarf 
(e.g. lGrebele"taDl200l . 

The SFH derived for ESO443-09 and shown in Fig. g] con- 
firms that this galaxy has been almost constantly active in its 
early history, although with a low average SFR (~ 0.0008 ± 
O.OOO7M0 yr"'). From now on we adopt a standard ACDM cos- 
mology with to = 13.7 Gyr, j/n = 71 km s"' Mpc"', Qa = 0.73 
and Q,„ = 0.27 jJarosik et al.l201 ll) . If we assume that the galaxy 
was born ~ 13.5 Gyr ago, the fraction of stars that had formed 
by 8 Gyr ago (which corresponds to z ~ 1.1) and by 5 Gyr ago 
(z ~ 0.5) is ~ 60% + 10% and ~ 75% ± 10%, respectively. This 
is just a rough estimate, since we cannot derive the age of the 
oldest stellar populations with these data. A fairly large fraction 
(> 10%) of stars was however formed in the last Gyr In partic- 
ular, the values of bim and ^7500 (Tab.|2]l are quite high, showing 
a non-continuous episode of star formation from 10 to 200 Myr 
ago. 

The metallicity is fairly constant within the errorbars. 
However, for this and for almost all of the other galaxies (except 
for ESO381-20), the present-day values appear to be slightly 
lower than the average ones. We will return to this issue in the 
next Subsection. 

We compute the total stellar mass firstly from our SFH, 
which yields 1 . 1 x IO^Mq. We note that this is not a precise esti- 
mate, since we are not taking into account the stars that died off 
due to their evolution. This implies that we are overestimating 
the stellar masses by ~ 20%. Starting from the B-band lumi- 
nosity and assuming a stellar mass-to-light ratio of 1 or 2, we 
obtain values of 0.8 x IO^Mq and 1.6 x IO^Mq, respectively, thus 
consistent with our SFH derivation. 



4.2. ES0381-18 

ES0381-18 is another rather isolated galaxy (0 - -0.6), found 
at a deprojected distance of ~ 1.2 + 0.1 Mpc from M83 (com - 
puted using the radial distance from i Karachentsev et al.ll2007h . 
As for ESO443-09, neutral gas has been detected (Mhi ~ 
3 X 10^ M0), but there is no evidence of ongoing star forma- 
tion (poorly populated upper MS, not observed in Ha). Also the 
BL and RSG phases are very sparsely populated, but a clump of 
AGB stars is visible in the CMD in Fig.|2l the latter containing a 
total of ~ 7300 stars. ES0381-18 has a particularly high stellar 
density, with a peak stellar density of 909 stars per 0.1 kpc^ in 
its central regions. 

This galaxy formed 55% ± 3% of its stars prior to 8 Gyr 
ago, while 72% + 3% were at place by 5 Gyr ago. The SFR 
during the past ~ 100 Myr and the past ~ 1 Gyr (see bioo and 
bic in Tab. |2]i was higher than the average SFR value, which is 
~ 0.0008 + O.OOO7M0 yr"'. The derived SFH in Fig.|4]suggests 
the occurence of two strong recent bursts, the first from 600 Myr 
to 1 Gyr ago and the second one, shorter, from 40 to 60 Myr ago. 

Some difficulties were met when deriving the SFH for this 
galaxy. In particular, the color of the old RGB and young BL 
populations and the TRGB were not well fitted by isochrones 
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Fig. 6. Hess diagrams (displayed using ACS filters) for ES0318-18. 
The density values are listed along the colorbars. Panel a). Data; the 
reported densities are in units of number of stars per bin (with a binsize 
of 0.10 mag in color times 0.20 mag in magnitude). Panel b). Best- 
fit synthetic model, with a reverse color scale with respect to the data 
to facilitate comparison; units are number of stars per bin. Panel c). 
Difference between data and best-fit model; units are number of stars 
per bin. Panel d). Difference between data and best-fit model, weighted 
by the Poisson errors; units are proportional to the square root of the 
number of stars per bin. 



with the average metallicity we derive for this galaxy (see Tab. 
|2]l, and with the reddening and distance modulus adopted. We 
thus first tried to slightly change the reddening and distance 
modulus. The best-fitting values found to reproduce the observed 
CMD were£'(B-y) = 0.1 instead of 0.06, and (m-M)o = 28.56 
instead of 28.63 + 0.14, which is still consistent with the original 
value within the errorbars. LEDAQ reports an internal extinction 
value in the B-band of 0.42 mag due to the inclination of the 
galaxy, which may explain part of the discrepancy. However, the 
region above and redward of the RGB in the best-fit synthetic 
CMD does not match the observed one well. We plot the Hess 
diagram for the data and the best-fit model in Fig. |6]to show 
where the fit yields poor results. Note the bin size is big due to 
the low number statistics. The discrepancy is partly due to incon- 
sistencies in the models, which cannot reproduce simultaneously 
the colors of RGB and RSG/BL stars at these low metallicities 
(e.g. lUbeda et al.ll2007h . together with the poor number statistics 
and the possible presence of differential reddening. 

Another point is that the metallicity seems to be decreas- 
ing with time (see Fig. [Hi, and the problem is again related to 
the color of the RGB, which is not well fitted by the chosen 
set of isochrones. The metallicity value for the RGB (as high as 
Z ~ 0.004 if we compare its color to models) is well above the 
values one would expect for such a small galaxy, also consider- 
ing the low metallicity of the young populations we derive with 
the SFH recovery ([Fe/H]~ -1 .4, corresponding to Z ~ 0.0008). 
Apart from the reddening issue, another plausible explanation 
could be an a-element enhancement at early times, which would 
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make the RGB redder. We perform the following test: we run 
the SFH recovery process again, but this time with a restricted 
range of metallicities (Z = 0.0004, 0.0006 and 0.001). This will 
force the metallicity to vary very little, thus not giving us any 
information about the chemical evolution itself, but it will show 
how much the RGB color issue can affect our derived SFH. The 
results show a synthetic CMD that is almost identical to the first 
one, and the SFH (plotted in red in Fig.|4]i is comparable to our 
originally derived SFH within the errorbars. The second oldest 
time bin changes slightly to a higher SFR, but this age range 
is in any case quite uncertain, and the overall features (the two 
recent burst episodes) are still clearly distinguishable. Also the 
two most recent time bins show little change, but this is due to 
the higher metallicity imposed (with respect to the first model). 
We thus conclude once again that the derived SFH is fairly ro- 
bust, but the constraints on the metallicity are weak. 

Finally, we compare the stellar mass found from the SFH 
(4.7 X IO^Mq) with a mass estimate coming from the galaxy's 
luminosity and an adopted stellar mass-to-light ratio of 1 or 2. 
We find values of 2.2 x IO^Mq or 4.4 x IO^Mq, respectively, thus 
again matching well the result of our SFH (even after correcting 
for the evolutionary effects). 



4.3. ES0444-78, UGCA365 

The dwarf irregular ES0444-78 is the closest one to M83 within 
our sample (only ~ 110 + 500 kpc deprojected distance, again 
considering the values reported Karachentsev et al. 2007), and 
is also currently located in the densest environment, with re- 
spect to the other targets of our study (0 - 2.1). According to 
LEDA, also in this case there is a high internal extinction in the 
B-band due to the inclination (0.88 mag). As the previous two 
galaxies, ES0444-78 c ontains little neu tral gas (see Tab. [TJ, but 
it was detected in Ha (ICote et al.ll2009h . From the CMD alone 
(~ 1 1400 stars), the old stellar component seems predominant, 
while there are few, smoothly distributed stars in the young and 
intermediate-age phases, with a smaller concentration in the lu- 
minous AGB. 

Indeed, ES0444-78 formed already 65% + 5% of its stars 
more than 8 Gyr ago, and 82% + 5% more than 5 Gyr ago. The 
fraction of the galaxy's total stellar content formed prior to 8 Gyr 
is the largest for this galaxy, compared to the others in the sam- 
ple. The average SFR for ES0444-78 is ~ 0.0063 + O.OO36M0 
yr"'). For ages younger than 8 Gyr, ES0444-78 seems to have 
experienced an almost constant and low level of activity (see 
Tab. |2]l, with only 3% of its stars born in the last Gyr The cur- 
rent SFR is esti mated to be only ~ O.OOOO32M0 yr"' from its 
one HII region (ICote et alJ l2009). We do not plot this value in 
the SFH of Fig. |4l since we are not able to recover a significant 
SFR for the youngest time bin (< 10 Myr). Also in this case, 
the metallicity seems rather constant, excluding the time bin be- 
tween 1 and 2 Gyr ago, which has a lower value. This could be 
easily due to the fact that there is not much information for these 
ages in the CMD, so it may not be relevant. 

The stellar mass from the derived SFH is 8.4 x IO^Mq. 
Assuming a mass-to-light ratio of 1 or 2 to estimate the galaxy's 
stellar mass, together with its luminosity, we find values of 
2.7 X IQ^Mq and 5.3 x lO^M©, respectively. These masses are 
slightly lower than the first mass estimate: for this galaxy, we 
may be overestimating the low-mass end, given the SFR at ages 
older than ~ 4 Gyr is particularly uncertain due to the low 
amount of information obtainable from the CMD. 



11 



D. Cmojevic et al.: A close look at the Centaums A group of galaxies III. Late-type dwarfs around M83 



E(B-V)=0.12 
E(B-V)=0.06 
E(B-V)=0.18 




0.01 



Age (Gyr) 



0.01 



Fig. 7. Star formation rate and metallicity as a function of time for 
IC4247, as in Fig. |4] This time, the SFH has been derived for three 
different input values of reddening in the code (E(B - V) = 0.06, red 
dashed line, E(B - V) = 0.12, solid black line, and E(B - V) = 0.18, 
blue dot-dashed line). 



4.4. IC4247, ES0444-34 

IC4247 has the highest stellar density in our sample, with a 
peak stellar density of 1040 stars per 0.1 kpc^. This galaxy is 
located at a deprojected distance of ~ 280 + 400 kpc from M83, 
with a positive tidal index (see Tab [T)- Its neutral gas content 
is Mhi ~ 3.5 X IO^Mq, and this galaxy is detected also in Ho- 
dLee et al.l2007h . In the CMD in Fig.H the RGB, luminous AGB 
stars, blue and red helium-burning stars, and some upper MS 
stars are clearly visible, with a total number of ~ 18000 recov- 
ered stars. As for ES038 1-18 and ES0444-78, this galaxy has a 
high internal extinction due to its inclination {Ab ~ 0.74 mag). 

The recovered SFH is shown in Fig. |4] The average SFR is 
~ 0.0061 + 0.0045Mo yr"'. This galaxy formed ~ 20% + 5% of 
its stars prior to 8 Gyr ago and ~ 50% + 5% of its stars before 
5 Gyr ago. IC4247 had a rather constant SFH, with a period of 
slightly enhanced SFR at intermediate ages (~ 2 to 7 Gyr ago), 
and a period of very low star formation from ~ 400 Myr to 2 
Gyr ago. An estimate of the star formation within the last ~ 100 
Myr is given by the far ultraviolet (FUV ) non-ionizing c ontin- 
uum. IC4247 is included in the sample ofl Lee et aP (l2009i) . who 
consider nearby luminous and dwarf galaxies to compare the 
SFRs derived from Ho- and FUV. In Fig.|4]we plot the SFR de- 
rived from FUV, and find it to be consistent with our results. 
At the present day, there is not very much star formation occur- 
ing as seen from the CMD, and we do not extend our SFH to 
ages younger than 10 Myr The Ha flux coming from the inter- 
stellar medium in the central region of the galaxy (taken from 
iLee et al..,200 7) can be used to compute the current SFR. This 
value turns out to be ~ O.OO45M0 yr"', and we show it as ref- 
erence in Fig. m even though it refers to an age bin that we do 
not plot. We mention that, as for ES0381-18, it was rather diffi- 
cult to match the color of the RGB with the other features in the 
CMD in the isochrone-fitting process. We thus had to use a value 
of E{B-V) = 0.12 instead of 0.06, and the distance modulus was 
rearranged to (m - M)o = 28.33 instead of 28.48 + 0.21, which 
is still within the eiTorbars. As discussed before, adjustments in 
the metallicity values would not lead to any major change in the 
derived SFH. 



We decided to perform a test on IC4247 to estimate the influ- 
ence of internal reddening on our SFHs. This galaxy has a high 
internal extinction due to its inclination, according to LEDA, al- 
though this value is just an estimate. We recompute the SFH 
for IC4247 changing the reddening value para meter in the code 
(see Sect. HJl. The reddening given by the Schl egel et all (Il998h 
maps is E{B - V) = 0.06, so we perform the SFH recovery first 
adopting this value, and then using E(B - V) = 0.18 as an ex- 
treme case of high reddening. By doing this, we moreover adjust 
the distance modulus value, in order to be able to reproduce the 
features of the observed CMD. The best-fit reddening value is 
E(B - V) = 0.12 (as discussed above), but even substiantially 
changing this value does not affect dramatically our results. As 
shown in Fig.|2] the results for the last ~ 1 Gyr are similar within 
the errorbars, while the biggest differences are found at interme- 
diate ages (~ 2 to 7 Gyr ago). This is because the RGB shape 
strongly depends on a combination of age, metallicity and red- 
dening, and thus higher reddening values translate into younger 
ages, and vice versa. Overall, the best fit to the color of the MS 
is given by a value of E{B - V) = 0. 12, while the other reddening 
values give either too blue or too red sequences. The mean metal- 
licity values are also consistent within the errorbars, although the 
highest reddening solution gives slightly lower mean values. We 
can thus safely conclude that the main results we obtain are not 
heavily affected by internal reddening. 

The value of [Fe/H] looks constant over the history of 
IC4247. The mean value of [Fe/H]= -1 .37 + 0.21 dex is slightly 
lower than the v alue we derive from the oxygen abundances of 
iLee et all (l2007h ([Fe/H] = - 1 .03 +0.20), although stifl within the 
errors. The HII regions of this galaxy are rather small and con- 
centrated in its central parts, and their enhanced metal content 
is the consequence of a recent short episode of star formation, 
which shows the inhomogeneity of the enrichment process. If 
the youngest populations have a higher metallicity, it is very dif- 
ficult for us to recover this information just from the few MS 
stars, which are degenerate with age and metallicity and are 
blended with the BL at the faintest magnitudes of our CMD. 
More in general, even though the interstellar medium is enriched 
by star formation episodes, dwarf galaxies are not always able 
to retain the enriched gas. Furthermore, they are often not well 
mixed (e.g., Kniazev et alJl2005L iGlatt et alJl2008aL iKoch et al.l 
2008a.b). IC4247, with its high stellar density, possibly follows 
this trend, having some young "pockets" more enriched in the 
central regions where the potential is deeper 

From the SFH of IC4247 we estimate a stellar mass of 0.8 x 
IO^Mq. Considering, instead, its luminosity and a stellar mass- 
to-Ught ratio of 1 or 2, we get values of 0.6 x IO^^Mq and 1.3 x 
IO^'Mo, respectively, thus perfectly consistent with the previous 
estimate. 



4.5. ESO381-20 

The irregular galaxy ESO381-20 is located in the outskirts of 
the CenA/M83 group and is rathe r isolated (its tidal index Q is 
negative). Its distance as found bv iKarachentsev et alJ ( l2007h is 
5.44 + 0.37 Mpc. Its deprojected distance from the closest mas- 
sive neighbour (M83) is ~ 1.1 + 0.1 Mpc. Its CMD (Fig.[2| con- 
tains ~ 20000 stars and shows an old RGB, an intermediate-age 
luminous AGB and young MS, BL and RSG stars. This galaxy 
has a very high content of neutral gas (Mhi ~ 2 x 10** Mq, 
see Tab. [TJ, which extends much further than the apparent op- 
tical galaxy. There is thus a high potential to form stars, and 
indeed its Hg maps shows regions of very active star formation 
(iLee et al ■l2007HBouchard et al.ll2009h . Some of these star form- 
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Fig. 8. Hess diagrams (displayed using ACS filters) for ES03 18-20. 
The density values are listed along the colorbars. Panel a). Data; the 
reported densities are in units of number of stars per bin (with a binsize 
of 0.05 mag in color times 0.10 mag in magnitude). Panel b). Best- 
fit synthetic model, with a reverse color scale with respect to the data 
to facilitate comparison; units are number of stars per bin. Panel c). 
Difference between data and best-fit model; units are number of stars 
per bin. Panel d). Difference between data and best-fit model, weighted 
by the Poisson errors; units are proportional to the square root of the 
number of stars per bin. 



ing regions seem to coincide with local maxima in the HI distri- 
bution (Cote et al. 2000). The extinction due to the inclination is 
about 0.57 mag in the B-band (taken from LED A). ESO381-20 
is also t he only galaxy within this sample that contains a globular 
cluster dGeorgiev et al.ll2008l) . 

ES038 1-20 seems to have experienced a relatively high con- 
tinuous star formation during its lifetime (with an average of 
~ 0.007 + O.OO48M0 yr"'), which then increased substantially 
from 10 to 500 Myrs ago. This increased star formation activity 
was more than twice the average rate (see also th e parameter Z>5no 
in T ab. |2]i. Following the recent discussion by 'McOui nn et al.l 
(12009,), we may definitely say that this is a period of a global star- 
burst for the galaxy. The result does not change if we consider 
only th e average SFR over the last ~ 4 Gyr, as iMcOuinn et al.l 
(l2009l) do to avoid "contamination" from old ages. We will fur- 
ther discuss this starburst in the following Sect. We report in 
Fig. |4]the estimate of the S FR in the l ast ~ 100 Myr, derived 
from the FUV continuum bv lLee et~al ] (l2009h . which is in good 
agreement with our results. For the most recent age bin (for this 
galaxy we are able to derive the SFR for ages as young as ~ 4 
M yr), the value derived h ere is consistent with the SFH derived 
bv lBouchard et al.l (l2009h considering the Ha flux of the galaxy 
(~ 0.006 ± 0.002Mo yr"', shown in Fig, gll, but a facto r of two 
higher than the Ha SFR inferred by Cdtjet al.l (l2009h . After a 
visual examination of the HII regions selected in the two pa- 
pers, we conclude that the discrepancy may be due to a slightly 
different selection of the emission regions, which are summed 



up to give the total flux. The star formation in the last few Myr 
has a value consistent with the average SFR from our SFH, as 
confirmed by the presence of only few MS stars compared to 
blue and red He-burning stars. We note that t he SFRs derived 
from FUV and from Ha differ from each other Lee et al. I (l2009l) 
show that, for dwarf galaxies, there is a systematic discrepancy 
between these two methods of deriving SFRs. In the case of 
ESO381-20, this seems to be due simply to the fact that the 
two tracers represent different star formation timescales. Already 
~ 50% + 5% of the stars of ESO381-20 were formed by 8 Gyr 
ago, while 70% + 5% were in place 5 Gyr ago, but a substantial 
fraction was formed in the last Gyr (see Tab. |2). 

Finally, in Fig. [8] we show the Hess diagrams for the ob- 
served CMD and the best-fit synthetic CMD. We can see that, 
given the higher number of stars for this galaxy, the resulting 
Hess diagrams are divided into smaller bins than in the case of 
ES0318-18 (Fig.|6]l, from which the information needed to re- 
construct the SFH is then evaluated. In the case of ESO381-20 
the overall fit is better, with the biggest discrepancies between 
data and synthetic CMD being found in the less populated and 
most difficult to model regions (upper BL, upper RSG and lumi- 
nous AGE). 

Also in this case, the [Fe/H] value seems to be fairly con- 
stant during the entire galaxy lifetime. For comparison with our 
results, th e oxygen abundances of the HII regions derived by 
iLee et al ] (12007) are combine d into a mean [Fe/H] value us- 
ing the empirical formula by iMateol (1 1998b . and the result is 
- 1 .4+0.2 dex, consistent with our value within the errorbars (see 
Tab.|2]i. However, there are strong variations in the values for the 
individual HII regions (the nominal range is from [Fe/H] = -1.87 
to -0.90). These findings would support the previous interpreta- 
tion of the high metallicities found for the two HII regions of 
IC4247, in contrast with the value we derive from the SFH re- 
covery. 

For ESO3 81-20, a to t al ste llar and dynamical mass were 
computed by ICote et al] (l2000h via modeling of its rotation 
curve. They get a value of 2.3xlO^M0 for the stellar mass, with a 
best-fit stellar mass-to-light ratio of 2.3 and a total mass-to-light 
ratio of about 20. From our method the result is ~ 1 x 10** Mq, 
thus slightly lower. If we recompute the mass starting from the 
B-band luminosity and assuming a stellar mass-to-light ratio of 
1 or 2, we get values of ~ 0.9 and ~ 1.8 x IO^Mq, respectively. 
This is consistent with our SFH. Since the depth of our CMDs 
is limited, it is plausible that in our resolved stellar study we 
are losing part of the mass coming from the oldest population, 
which results in a lower mass when compared to the intergrated 
fight study of Cote et al. (2000). As a check, we use the GALEV 
models ( KotuUa et alj |2009) with our derived SFH as an input to 
compute the resulting total luminosity of the galaxy, which turns 
out to be almost identical to the observed one reported in Tab.[T] 



5. Spatial distribution of stellar populations as a 
function of time 

Dwarf irregulars are known to have scattered, clumpy regions of 
active star formation, with the less massive dwar fs only c ontain- 
ing one such active region (for a review, see Grebel 2004, and 
references therein). This is, for example, reflected in the shape 
these galaxies show when imaged in Ha. We now want to look 
for possible differences in the spatial distribution of stellar sub- 
populations. 

The subsamples into which the galaxies are divided were de- 
scribed in Sect. |3] and are (ordered by increasing age): MS, BL, 
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Fig. 9. Density maps for four of the M83 target galaxies (ESO381-018, ES0444-78, IC4247, and ESO381-20, ordered by absolute magnitude), 
each divided in five stellar evolutionary phases. These are: MS, BL, RSG, luminous AGB and RGB, ordered by increasing age. The stellar density 
values are listed along the colorbars, in units of number of stars per 0.1 kpc^. 10 equally spaced isodensity contours are drawn starting at the Icr 
significance level up to the peak significance level. The peak levels are: for ESO381-018: MS=2(r, BL=3.8(T, RSG=3.8(T, AGB=3.6tr, RGB=4it; 
for ES0444-78: MS=2o-, BL=2.5o-, RSG=3a-, AGB=3o-, RGB=4a-; for IC4247: MS=2.6cr, BL=4.7o-, RSG=5o-, AGB=4.2o-, RGB=4.7cr; for 
ESO381-20: MS=3(t, BL=3.5cr, RSG=3.4cr, AGB=3.5cr, RGB=3.7cr. The center of each galaxy is indicated with a black cross. Just as a reference 
among different frames, we also overplot in red the ellipse corresponding to the projected major axis radius at the isophote level 25 mag arcsec"' 
in /-band (taken from iSharina et al..2008<) . 



RSG, AGB and RGB. For each subsample, only stars with pho- 
tometric errors smaller than ~ 0.1 mag in magnitude and ~ 0.15 
mag in color are considered, since some features in the CMDs 
strongly overlap when the errors are larger (e.g., MS and BL 
stars, see Fig.[3]l. This limit also corresponds to a ~ 80% com- 



pleteness level. We report in Fig. |9]the density maps of the five 
mentioned stellar subsamples for four of the five target galaxies. 
For ESO443-09 the number of stars is too small to draw signifi- 
cant density maps, so we do not report them. 
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Fig. 10. Density maps for one of the target galaxies (ESO381-20), divided into different evolutionary stages. These are: in the top row BL stars; in 
the middle row RSG stars; in the bottom row luminous AGB stars. For each panel in each row, there is an age range as indicated. The color scale 
is the same within each row, normalized to the peak density of the densest (= oldest) subsample, and the stellar density values are listed along the 
colorbars (in units of number of stars per 0.1 kpc^). For each map there are 10 equally spaced isodensity contours, starting at the Icr significance 
level up to the peak significance level. The peak levels are (from the youngest to the oldest sample): BL=1.6cr, 1.6cr, 3.2cr, RSG=1.3cr, 3.2cr, 
AGB=2.3cr, 3. la. The center of the galaxy is indicated with a black cross. 



We compute density maps for the subsamples in the follow- 
ing way. The target galaxies are located at an approximate dis- 
tance of ~ 5 - 6 Mpc, at which 1 arcsec corresponds to ~ 0.03 
kpc. We assign to each star of a given evolutionary phase the 
number of neighbours found within ~ 0.07 kpc^ (a value cho- 
sen such that we do not add too much substructure but we still 
retain the overall features). We then convolve the result with a 
square grid. The final resolution of the density maps is of 0.02 
kpc^. For each map there are 10 equally spaced isodensity con- 
tours. They start from a Icr significance level, or O.Scr where the 
number counts are too low (corresponding to ~ 4 stars or ~ 2.4 
stars per 0.1 kpc^, respectively), and extend to the peak signifi- 
cance level, different for each map and indicated in the caption 
of Fig.|9l The colorbars indicate the stellar density for each sub- 
sample, in units of stars per 0.1 kpc^. To facilitate comparisons 
among the stellar subsamples, we show with a black cross the 
center of the galaxy (i.e., coordinates listed in Tab.[T]l, and with 
an ellipse the projected major axis r adius at the isqphote level 25 
mag arcsec ' in /-band (taken from'Shari na et al.]l2008h . 

The youngest stars (MS in a range of ~ 10 to 20 Myr and 
BL in a range of ~ 10 - 20 to 150 Myr) are mostly concentrated 
in small "pockets" close to the the center of the galaxy. Given 
typical lifetimes of star fo rming complexes (~ 100 Myr, see e.g. 
iDohm-Palmer et a"nil99 7', and references therein), it is reason- 
able to assume that these stars are still close to their birth place. 
They appear to form preferentially close to the central regions of 
the galaxies, where the potential is deeper In some of the targets 
(e.g., ES0444-78 and ESO381-20) the most recent star forma- 
tion episode took place in a region displaced from the center (as 
shown in Fig.|9]l, while the BL stars reveal a similar off-centered 
activity region as well as activity in the galactic center This re- 
sembles the distribution of recen t star formation as seen in, e.g.. 
Sextans A (I van Dvk et aI.l[T998b . For populations older than a 
few hundred Myr, the stellar distribution evens out. The RSG 
stars are approximately ~ 50 to ~ 400 - 500 Myr old and appear 
slightly more smoothly distributed. Finally, the intermediate-age 
and old populations (luminous AGB and RGB) are distributed 



basically over most of the galaxy's extent, with a quite regu- 
lar elliptical shape. This reflects the long-time migration and 
redistribution of stars within the galaxy over long timescales. 
Such regular distributions of older popul ations appear to be a 
common trait of irregular galaxies (e.g., IZaritskv et all 120001 : 
Ivan der Atoeil 120011 iBattinelli et al. 1 1200% . It is interesting to 
note that ESO381-20 has a very broad distribution for both BL 
and RSG stars. This is due to the fact that it experienced a strong 
burst of star formation in the last ~ 500 Myr, that must have taken 
place across much of the spatial extent of the galaxy. We note 
that the RGB sample is likely to be contaminated by a fraction 
of intermediate-age and old AGB stars, which are less luminous 
than the TRGB. 

We now discuss in more detail the helium-burning and lumi- 
nous AGB samples. The position of a star in a CMD is deter- 
mined, among other parameters, by age and metallicity, which 
in some evolutionary stages suffer a degeneracy, meaning that 
older and more metal-poor stars are found at the same location 
as younger and more metal-rich stars. This is particularly true in 
the RGB phase. Moreover, for the MS older and younger stars of 
the same mass occupy roughly the same position on the CMD. 
On the other hand, in their BL and RSG stages, at a fixed metal- 
licity stars with different ages are well separated in the CMD 
(see Fig. [3]). Given that for our galaxies we are able to exclude 
a strong metallicity evolution with time (see previous Sect.), we 
can safely assume that the age-metallicity degeneracy is minimal 
in these stages and we can assign to each star in the BL and RSG 
phase a single age based on its position in the CMD. We want to 
use this information to better understand the distribution of stars 
at different lookback times, and see how the stellar populations 
are evolving. 

We adopt the method described by iDohm-Pakner et aTl 
(Il997h to separate the BL, RSG and AGB samples into older 
and younger subsamples, using Padova stellar isochrones as ref- 
erence. We then again compute density maps as described be- 
fore, this time for three age subsamples for the BL stars, and two 
subsamples for RSG and luminous AGB. This is done because it 
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is easier to separate ages for the BL as compared to the other two 
evolutionary stages. We stress that for the luminous AGB phase 
the age determination for ages > 1 Gyr is quite uncertain, since 
stars with different ages almost overlap in the region above the 
TRGB in /, y - / color-magnitude space. We thus cannot evalu- 
ate precisely the age of the oldest AGB bin, and the age reported 
in the plot is just indicative. We report one example for this kind 
of density maps with high age resolution for ESO381-20, which 
is plotted in Fig.fTOl 

For all of the studied objects, the youngest populations are 
again generally found in concentrated, actively star forming re- 
gions, while the stars with older ages are more broadly dis- 
tributed. Theoretical expectations tell us that such complexes can 
have diameters up to several hundred pc in size, and contain OB 
associations and open clusters (for a discussion, see Appendix A 
in Ipohm-Palmer et al. 1997). The former will quickly dissolve 
(within ~ 10 - 30 Myr), but their stars will remain in the com- 
plex for ~ 50 - 100 Myr, while open clusters are more long-lived 
and disrupt after several hundred Myr due to internal dynamics. 
It is not easy to put observational constraints on the lifetime of 
such complexes, because we are not able to follow them clo sely 
for lon g enough timescales. For Sextans A. iDohm-Pakner et alj 
(I2002h find a lower-limit age of ~ 100 Myr, based on the spatially 
resolved SFH derived from BL stars. In our sample, ESO381-20 
is the only galaxy that contains a substantial BL population, suit- 
able for this kind of study, so we will now concentrate on this 
object. 

5.1. ESO381-20 

ESO381-20 experienced a strong enhancement in star formation 
in the last ~ 500 Myr, approximately three times higher than the 
average value. ESO381-20 also contains a higher number of BL 
stars as compared to the other galaxies in our sample, and thus 
we can take a closer look at its spatially resolved SFH. 

Fig.fTOl shows how the location of the peaks in stellar density 
in the BL phase changes with time. However, it is not straightfor- 
ward to compare the density maps to each other When sorting 
the subsamples by age, we are considering stars with different 
masses, and so the star formation needed to produce the observed 
densities will be different. We thus have to normalize the density 
maps for the IMF, and to d o so we use the relations described by 
iDoh m-Palme r et al ] (ll997h . We zoom in on the central region of 
the galaxy, recompute the density maps for the BL subsamples, 
this time with a resolution of 0.01 kpc^, and finally normalize 
them to get units of M© Myr"' 0.1 kpc^. The results are shown 
in the upper panel of Fig. [TT] 

We can see that the galaxy has kept forming stars throughout 
this age range, with several localized enhancements. This sup- 
ports the idea of self-propagationg stochastic star formation (se e 
ISeiden et al.ll979HDohm-Palmer et allioollWeisz et al.l2008l) . 
for which the star formation is intermittently turning on and off 
in adjacent cells within the galaxy. It is not clear what the main 
mechanism is that triggers this mode of formation. Turbulence 
in the interstellar medium may locally enhance the gas densit y 
above the threshold for star formation (Elmeg reen et al.iri996h . 
or the reason could lie in the balancing process between heating 
(from stellar feedback) and cooli ng (inefficient a t low metallic- 
ities) of the interstellar medium (iHirashital l2000h . These mech- 
anisms would lead to large star forming complexes, with sizes 
of up to several hundred pc and lifetimes of ~ 100 Myr As 
mentioned before, some of the HII regions in ESO381-20 co- 
incide with HI peaks. Looking at Fig. [TT] we can see how the 
peaks in star formation are moving as time proceeds, but unfor- 
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Fig. 11. Upper panel. Spatially resolved star formation history for the 
central region of ESO381-20, as from BL stars of different ages (as in- 
dicated in the subpanels). The SFR per unit area is indicated on the col- 
orbar, with the same color scale for all of the subsamples. The angular 
resolution of the maps is marked with a red rectangle in each subpanel. 
The center of the galaxy is indicated by a black cross. Just as a refer- 
ence among different frames, we also overplot in red the ellipse corre- 
sponding to the projected major axis radius at the isophote level 25 mag 
arcsec"' in the /-band (taken from Sharina et al. 2008). Lower panel. 
Spatially resolved star formation history (via synthetic CMD modeling) 
of ESO381-20 within the last 1 Gyr. We select two subsamples of stars, 
found in the "inner" and in the "outer" regions of the galaxy, by looking 
at the density maps of the BL stars (Fig. [10] see text for details). The 
star formation rate for each region (normalized to the area of the con- 
sidered region) as a function of time is plotted, with the oldest age being 
on the left side and the present day on the right edge of the (logarithmic) 
horizontal axis. 



tunately the low number of stars in the youngest bin only permits 
us to detect the two most prominent, intensively star forming 
regions. The peaks have diameters of ~ 100 pc, thus consis- 
tent with the expectations. For reference, the physical distance 
from the center of the galaxy (black cross) to the highest den- 
sity peak in the rightmost panel is ~ 0.8 kpc. Their duration 
is more difficult to determine, given the small timescale resolv- 
able. We can however notice that the peaks of star formation 
in the youngest age bin are already present, even though with a 
lower efficiency, in the middle panel, so activity there has lasted 
for at least ~ 80 Myr Several of the smaller peaks present in 
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the oldest time bin are disappearing in the young ones, but adja- 
cent cells are seemengly turning on. There does not seem to be 
any obvious spatially directed progression of the star formation, 
but from these data it is not possible to draw firm conclusions. 
A high-resolution HI mapping would be helpful to study more 
in de tail the substructures in this galaxy (see, e.g., IWeisz et aU 
12009 ). We note that similar star formation characteristics and 
timesc ales have also been found in other irregu lars, e.g., the 
LMC (iGrebel & BrandneiilT99l iGlatt et al.ll2010l) . and may be 
typical for these galaxies. 

Moreover, star formation may be overall enhanced within 
gala ctic scales for long time pe riods (~ 0-5 - 1 Gyr, see e.g. 
iDohm -Palmer et al. 1997. McOu inn et ani2009l) . due to a global 
starburst in the galaxy. ESO381-20 seems to have experienced 
such a high star formation period, and this was recent enough 
that we can try to look at the spatially resolved SFH within dif- 
ferent parts of the galaxy, as derived from synthetic CMD mod- 
eling. Following McQuinn et al. (.2009 ), we separate the galaxy 
in two smaller subregions, and we do that accordingly to the BL 
density maps in Fig. [10] We consider the inner region to be the 
one where the star formation activity has been high in the last 
~ 100 Myr, producing a high density of BL stars. The outer, 
currently less luminous, region is the one where stars younger 
than 130 Myr are found. We then want to see whether the en- 
hancement in star formation has affected the galaxy as a whole, 
possibly with intermittent episodes, or whether it was localized 
in the central region. We compare the SFHs derived for these 
two subsamples, scaling them for the area of the regions, and 
plot them in the lower panel of Fig. [TT] The outer region is pro- 
ducing overall fewer stars with respect to the central one, but 
apart from that we do not see any obvious trend from the de- 
rived SFHs. On the contrary, the SFR is randomly varying with 
time around the average value. Even though the area normalized 
SFHs clearly show that the star formation in the faint region is 
on average more than two times lower than in the bright region, 
it still is enhanced by a factor of two with respect to the average 
SFR of the faint region itself. This simply tells us that the ob- 
served burst of star formation was a period in which the whole 
galaxy produced stars at a higher rate, and the phenomenon was 
not only locaUzed to the currently bright central region. 

6. Discussion 

Just as for the dwarf irregular galaxies of the Local Group, the 
target objects of our sample show considerable variety in their 
SFHs. The galaxies studied here cover a range of ~ 2.5 mag, 
they have neutral gas masses of few 10^ to few lO^M©, and the 
sample includes galaxies with both positive and negative tidal 
indices. 

For almost all of our sample dwarfs, a period of old star for- 
mation (> 5 Gyr) at the lifetime average rate is followed by 
a lower-level activity for intermediate ages. We underline that 
episodes of enhanced star formation could be present also at 
these old ages, but the time resolution of our CMDs does not 
permit us to recover such episodes. Only in the last ~ 1 Gyr we 
are able to resolve increased star formation activity above the av- 
erage rate, for which ES0381-18 and ESO381-20 are the most 
striking examples. The enhancements in star formation found for 
all of the galaxies are usually a factor of 2-3 the average lifetime 
value. In contrast, IC4247 is an example of an overall rather con- 
stant SFH, with peaks of moderate intensity. In one single case 
(ES0444-78) the situation is very diflFerent: the star formation 
activity is high only for the first few G yr, after which i t stays 
rather constantly below the average value. IcBte et al.l(l2009i) sug- 
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Fig. 12. Upper panel. Positions in the sky of the galaxies belonging to 
the Centaurus A/M83 complex (from Karachentsev et al. 2007). Red 
symbols indicate early-type dwarfs (dwarf ellipticals, dE, and dwarf 
spheroidals, dSph), while blue symbols are for late-type dwarfs (dirr). 
The circles are objects with positive tidal index, while the crosses stand 
for objects with negative tidal index. Two red stars are drawn at the 
positions of the two dominant giant galaxies CenA and M83, around 
which the smaller companions are clustering, forming two distinct sub- 
groups. The filled circles and thick crosses represent the dwarfs studied 
here. Lower panel. Same as above, just zoomed-in for a smaller region 
around M83, where the galaxies studied here are located (as labeled in 
the plot). 



gest that this object could be a transition-type galaxy, given the 
absence of a strong Ha emission. Its SFH resembles that of 
Local Group transition- t ype dwarfs like Phoenix or LGS3 (see, 
e.g.. Dolphin et al.l l2005h . with two major differences. First, 
ES0444-78 is almost three magnitudes brighter than the men- 
tioned LG dwarfs, and second, also its neutral gas content is 
higher by a factor of 10 - 100 (see our Tab. [T]and Tab. 1 in 
Grebel et al. 2003). However, we are not able to make a more 
detailed comparison between these objects, since our photomet- 
ric depth does not permit us to resolve enhanced star formation 
episodes at ages older than ~ 5 Gyr 

The derived SFHs (Fig. |4]l seem to confirm the general trend 
found for objects in the Local Group, with quite long periods of 
star formation (~ 100 to 500 Myr) separated by quiescent epochs 
when the star formation is low but constantly active ("gasping" 
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regime, iMarconi et al 1119951) . The average SFRs are of the order 
of ~ 10"^ to ~ IO^^Mq yr \ which is sHghtly higher than the 
values found for Local Group dwarf irregulars in the same mag- 
nitude range, but comparabl e to the samp l e of ob jects in the M8 1 
interacting group studied bv lWeisz et al.l(l2008l) . Given the high 
activity seen for the giant galaxies in the Centaurus A group, 
ICote et al.l (l2009h also look for enhancements in the SFR of its 
dwarf members with respect to the Local Group, but they do not 
find evidence for this using the current SFR. Finally, all of the 
galaxies in our sample seem to have formed at least 50% of their 
stellar content before z ~ 1 (< 8 Gyr ago). 

The position of our five galaxies in the Centaurus A group 
and a blow-up of the M8 3 subgroup are shown in Fig. [12] (the 
positions are taken from iKarachentsev et al.l 120071) . An impor- 
tant diff'erence between the two subgroups is that the M83 sub- 
group, as opposed to the CenA subgroup, contains many more 
dwarf irregulars (shown in blue). Apart from the dwarfs that are 
likely bound members of the M83 subgroup, we also plot the 
positions of galaxies with negative tidal indices (i.e., isolated 
dwarfs), of which three are in our target sample. We want to 
compare the properties of the studied dwarfs considering also 
their position within the group. The currently most isolated ob- 
jects are ESO443-09, ES0381-18 and ESO381-20, located at a 
deprojected distance of > 900 kpc from M83. These galaxies 
appear to have undergone periods of enhanced star formation in 
the last few hundred Myr (relative to their lifetime average), thus 
showing that there is no need for a high density environment for 
these episodes to happen. 

A puzzling property of the Centaurus A complex is the 
highe r neutral gas mass to visual luminosity ratio of its mem- 
bers (iGrossi et al.l l2007l) . as compared to the Local Group or 
the Sculptor group, which are both less dense environments. 
When considering galaxy density, the stripping of the neutral gas 
from the dwarfs should thus in p rinciple be more favor ed in the 
Centaurus A environment (e.g., Bouchard et al. '2007"). This is- 
sue is extensively discussed by Gross i et al.. (.2007). w ho are not 
able to find a definite answer. Bouc hard et al.l (l2007l) study the 
HI content of ES0444-78, and from an asymmetric elongation 
of the HI distribution they conclude that ram-pressure stripping 
could be occurring in for this object. When we compute the ratio 
of the present-day neutral gas content over the lifetime average 
SFR, we see that for both ES0444-78 and IC4247 (located at a 
deprojected distance of ~ 104 kpc and ~ 280 kpc from M83, 
respectively) it would take ~ 3.5 and 6 Gyr to consume their en- 
tire HI amount at this rate, respectively. This could be a hint of a 
possible environmental effect on the neutral gas content of these 
dwarfs, since the galaxies of our sample that currently have a 
negative tidal index show instead high M////SFR ratios (> 10'"). 
Moreover, the Mhi/Lb ratio for ES0444-78 and IC4247 is ~ 1 .3 
and ~ 1.7, respectively, while f or the isolated dw arfs of our sam- 
ple thi s ratio is always < 0.8. iLee etal] (l2007h and ICote etal] 
(l2009h do not find any obvious trend of the neutral gas fraction as 
a function of tidal index or of distance from the dominant galaxy 
(the first work considers projected distances, while the second 
one uses deprojected distances), using data f or many dwarfs 
in diff erent nearby groups. On the other hand, iBouchard et al.l 
(|2009|) find that both the neutral gas mass and the gas mass to 
visual luminosity ratio for dwarf galaxies are generally lower in 
denser environments, in agreement with our results, so the over- 
all trend seems to be unclear. 

In the previous Section, we computed parameters to quantify 
the amount of star formation for each galaxy in certain time pe- 
riods, relative to the average value, and the fraction of stars born 
at recent, intermediate-age and old epochs (Tab. |2}. Our final 



aim is to investigate how these parameters behave as a function 
of luminosity, tidal index and deprojected distance from M83. 
Given the fact that the sample of galaxies considered in this pa- 
per is small, we postpone this discussion to a forthcoming paper 
(Crnojevic, Grebel & Cole 201 lb, in prep.), where results for the 
entire sample of target galaxies will be presented. 

Regarding the metallicity results, we emphasize again that 
with the current data we are not able to constrain the metal- 
licity evolution with time and that our photometric metallici- 
ties are uncertain, but we can provide lifetime average values. 
All of the targets are metal-poor ([Fe/H]~ -1.4 dex). This sug- 
gests that the galaxies may have been locally enriched within 
small-scale regions during periods of intense star formation, as 
can be seen from their Ha emission, but they have afterwards 
experienced heavy loss of newly formed metals from star form- 
ing regions. The ejectio n can happen through ga lactic winds and 
SN explosions (see e.g. lBradamante et al.lll998l) . and the dwarfs 
may have also accreted some primordial or little enriched gas 
during their lifetime. Alternatively, the enriched gas may still be 
in a hot phase, and thus not possible to detect at optical wave- 
lengths (e.g., Recchi et al. 2000, 2006). Previous literature stud- 
ies also suggest that the metallicity-luminosity relation for ex- 
ternal galaxie s is similar to t he on e found in the Local Group. 
In particular, ISharina et al. 1 (l2008l) consider the same dataset 
that we study, but as suggested in Sect. |4] their metallicities for 
the dwarf irregulars may be underestimated. We will thus also 
present a metallicity-luminosity relation for the entire sample of 
dwarf galaxies in the Centaurus A group in a forthcoming paper , 
including early-type dwarfs studied by ICrnoievic et al.l (l2010l) 
and the late-type dwarfs surrounding CenA. 



7. Conclusions 

In the present work we analyze photometric archival HST/ACS 
data to study the stellar content of five late-type dwarfs in the 
Centaurus A group. The target objects show different luminosi- 
ties, neutral gas contents and are located in different positions 
within the group (two close to the giant spiral M83 and three iso- 
lated objects in the outskirts of the group). We perform synthetic 
color-magnit ude diagram mode ling starting from Padova stellar 
isochrones (Marig o et al.ll2008l) . and derive the star formation 
rate as a function of time for each object. The average star for- 
mation values range from ~ lO"-' to ~ lO^^M© yr"', which are 
typical values for low mass galaxies. The individual star forma- 
tion histories appear to be very different from each other, but 
the overall trend is one where the star formation is taking place 
rather constantly over the galaxy's lifetime, with global enhance- 
ments of 2 - 3 times the average value lasting up to 300 - 500 
Myr Moreover, we find that for the target galaxies a fraction be- 
tween 20% and 70% of the total stellar population was produced 
at ages older than ~ 7 Gyr ago. 

In a companion paper, we plan to investigate possible corre- 
lations between the parameters characterizing the star formation 
efficiency at different epochs and galaxy luminosity, degree of 
isolation, and deprojected distance from the dominant galaxy. 
For the current sample, we find that the ratio of neutral gas mass 
to average star formation rate is much lower for galaxies with 
positive tidal index than for those with negative tidal index, in- 
dicating that maybe the group environment has an effect on the 
neutral gas content of these dwarfs. These preliminary results 
will be completemented with a larger dataset. 

Our results can be compared to late-type dwarfs in other 
group environments. The average star formation rates are sim- 
ilar to what is seen for dwarfs of comparable luminosities in the 
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M8 1 group of galaxies, and slightly higher than those in our own 
Local Group. We find no significant differences among the three 
groups of galaxies when looking at the galaxies' individual star 
formation efliciencies at various time epochs, and also looking 
at the shape of the star formation histories themselves. 

We present the stellar spatial distribution for stars of differ- 
ent ages within our galaxies. We confirm previous results about 
the oldest populations being more extended and having a regular 
shape with respect to the youngest stars, which show a more 
clumpy distribution. The latter is particularly pronounced for 
ESO381-20, which experienced a strong burst of star formation 
in the last 500 Myr. When looking at its resolved star forma- 
tion history, traced by the youngest populations of core helium- 
burning stars, we clearly see that this prolonged period of high 
activity involved the galaxy as a whole, with several localized 
(~ 100 pc) and short-lived (~ 100 Myr) enhancements. We sug- 
gest that a stochastic mode of star formation takes place in these 
objects. The overall similar properties among the three galaxy 
groups, and the intrinsic scatter in the parameters characterizing 
the star formation, support this scenario. This will be further in- 
vestigated in our forthcoming study of five additional late-type 
dwarfs in the Centaurus A group. 
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